A light-driven artificial molecular nanomachine was constructed based on DNA scaffolding.
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Remarkable strides have been made in single-molecule analysis of biomolecules, largely benefited by the development of various single-molecule techniques, such as atomic force microscopy (AFM) and super-resolution fluorescence microscopy. [1] [2] [3] AFM is able to examine single molecules at nanometer resolution, and the scanning can be easily carried out under physiological conditions. 4 It has already been applied to single-molecule imaging and to investigate interactions of molecules of interest. 3 Moreover, high-speed AFM allows for realtime observation of the dynamic behaviors of biological samples in a subsecond time scale, taking advantage of its fast scanning rate. [5] [6] [7] For observation at the nanoscale, precise locating and positioning of biomolecules and nanoparticles are required. The recent advent DNA origami 8 based on well-established DNA nanotechnology can serve as excellent scaffold for the functionalization with different kinds of molecules at predesigned positions and limited nanospace.
The direct visualization of dynamic interactions between multiple molecules has already been reported by combining DNA origami methods with high-speed AFM. 4, 9 Most dynamic activities of biomolecules, such as chemical reactions, 10 structural changes of DNA strands, [11] [12] [13] [14] [15] mechanical movements, 16, 17 can be characterized directly on nanometer-sized DNA structures under fast scanning rate of high-speed AFM. The continuous real-time behaviors of target molecules can be noted and captured in relatively high resolution. Our group have developed a series of DNA nanodevices for direct observation of photo-induced movements of single molecules in various DNA origamis 11, 18, 19 as well as the regulation of the assemble/disassemble of photo-controllable nanostructures 19, 20 . Results indicate that light energy is easily implemented with nanometer-sized DNA nanostructures, especially on the surface of mica, which, with its ultra-flattened surface, affords equal photon distribution during observation and imaging.
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Artificial DNA motors based on pre-constructed DNA scaffolds have already been developed, and the stepwise walking has also been captured in time-lapse images. 16, 17, [21] [22] [23] In general, these walking nanodevices were mostly fueled by enzymatic reaction or by external addition of counterpart strands, in which the programmed controllability is, for the most part, difficult to achieve and efficiency is also related to a limited energy supply. As a sustainable option, light source was anticipated to serve for DNA based nanomachines. A series of photosensitive molecules, such as the azobenzene-and pyrene-modified DNA motors were developed, allowing for DNA nanodevices under manual as well as remote control. 24, 25 Powered by light, the walker's movements were confirmed indirectly by gel electrophoresis and by fluorescence spectroscopy. However, the real-time mechanical movements of walking process driven by external photoirradiation have not been directly characterized yet. The stepwise mechanical motions of DNA walker on DNA tile have already been observed, which was initiated by the addition of nicking restriction enzyme. 17 The walking system has to be incubated with nicking restriction enzyme before the AFM scanning. Here we describe a light-driven DNA nanomachine able to walk along a linear track on a single 2D DNA tile. The dynamic movements during photoirradiation are directly visualized by high-speed AFM in real-time, for which the light-energy input can be introduced during the AFM scanning at any time.
As shown in Figure 1a (detailed design can be seen in Figure S1 ), the walking nanomachine contains two components: 1) a rectangular DNA tile as supporting scaffold where four anchorage sites are chosen for the elongation with stator strands (S1 to S4) and 2) a walking strand which can form the duplex with stator strands on the surface of the DNA tile. The walking strand consists of a shorter strand and a longer strand connected by an oligonucleotide modified with two pyrene molecules (All sequences can be seen in Table S1 ). And stator strand (S1, S2 and S3) is composed of two strands connected by disulfide bond, in which S1 containing two extra bases to hybridize with the walker helps to bias the initial walker position. 17 . S4 is designed as the walker's terminus, thus carrying three extra thymine bases, instead of the disulfide bond, to prevent the dissociation of the walker from the stator and to terminate its movement. All four stators (S1 to S4) with same facing orientation are arranged as a linear track and separated by a distance of ~ 6 nm on the DNA tile. Here the relatively short track (four stators) would help us to identify the location of walker promptly on the tile. Also long track is not utilized since it requires much longer time of irradiation, which might induce the photo damage.
It has been reported that excited pyrene molecules, as, for example, by photoirradiation, can efficiently facilitate cleavage of disulfide bond (dashed area of Figure. 1a) when pyrene and disulfide bond are in close proximity, e.g., the neighboring position in DNA duplex. 26 To distinguish the location of the walker-stator duplex, hairpin structures in a parallel arrangement along the both sides of the walking track were introduced separately as referencing position markers (Figures 1a and 2) . One forward-step of the walker strand driven by photoirradiation is illustrated in Figure 1b . The disulfide bond is reduced by the electron transfer after the photoirradiation at 350 nm. The partially dissociated walker started to search for another accessible anchorage by the release of the cleaved stator strands. One-step forward motion is finally accomplished because of strand displacement reaction. The unidirectional stepping of the walker will keep on until the final step is completed under continuous photoirradiation. Here a "burnt bridge" mechanism 27, 28 is employed to control the unidirectional movement of the walker.
The preparation of the DNA walking system was followed two steps, including 1) assembly (annealing the solution from 85 ○ C to 15 ○ C at a rate of -1 ○ C/min) of the DNA tile by mixing single-stranded M13mp18 with staple strands containing stators of S2-S4 and 2) addition of 6 walker-S1 duplex into the purified DNA tile solution containing 20 mM Tris buffer (pH 7.6), 10 mM MgCl2, and 1 mM EDTA, followed by annealing from 35 ○ C to 15 ○ C at a rate of -0.05 ○ C/min. The assembled tile with the walker was then confirmed by AFM. AFM images in Figure   2a (also see Figure S1 ) show the walker-stator duplex at four anchorage sites on DNA tile separately, which are all clearly identified by using parallel hairpin DNAs as referencing markers.
Before introducing the photoirradiation, the distribution of the walker at four anchorage sites in the formation of walker-stator duplex on tile was examined by AFM imaging and further manual counting. The result is shown in Figure 2b (UV, 0 h, Table S2 , Figure S2 ). It was initially found that ~ 65% of walker was successfully located at the starting position S1. From the AFM images, there was also the walker strand located at other three positions even though the distributions were all less than 15%. To initiate the walking, UV irradiation (2 h) was then introduced for the cleavage reaction of disulfide bond in stator strand. The sample was controlled at 4 ○ C during photoirradiation to decrease irradiation damage. The distribution ratios of pyrene-walker at four positions on the DNA tile indicating the movement of walker strand along stators were evaluated.
AFM imaging was employed to confirm the irradiated samples and the results were all summarized in five histogram-graphs in Figure 2b (Table S2, Figure S2 ). After 2 h, the walker-S4 duplex was increased from 7% to ~ 34% while the walker-S1 duplex was decreased from initial ~ 65% to ~ 20%. In addition, the yield of the walker in position S2 and position S3
progressively changed in accordance with the walker's directional movement. And walker moving from S1 to S2 in our 2D walking system exhibited a relatively higher speed in a onehour irradiation, when compared with previously reported photo-driven DNA motors. 24 This is probably because that the linear track on DNA tile might increase the probability of partially dissociated walking strand to associate with neighboring stators. The distribution ratios of the walker changed over irradiation time, demonstrating that single-molecule movements on the DNA nanostructure were successfully driven by photoirradiation with directional control even though the movement of the walker strand cannot be controlled to stop at specified stator under the continuous irradiation of UV light.
The unidirectional movement of the walker transferring from S1 to S4 can be stimulated with three rate constants (k1, k2 and k3) in first-order, assuming that no hopping (more than one-sized step) occurs between neighboring sites and the backward movement is negligible (Figure 3a ). 29 Meanwhile, it is also presumed that the reaction of photo-induced bond cleavage is much faster than the walking motions, which also can be negligible. 26 Therefore, four non-linear fitting equations were applied to analysis the dynamic movements of walking motor (see equations in Supporting Information), where the distribution ratio (y) was corresponding to the walker occupied by each stator (the summary of the walker stepping from the former stator and the walker stepping forward to the next stator) under different irradiation time (t). During UV irradiation over a period of two hours, the overall distribution ratios of walker occupying four stators are shown in Figure 3b . The data were fitted well into four nonlinear curves and the fitted value of walking rates were 0.57 h -1 (k1), 0.80 h -1 (k2) and 0.79 h -1 (k3), respectively. The value of k1 is smaller than k2 and k3, most likely because S1, with two more bases, slowed down the walker's movement. The value of k2 and k3 were similar and also fitted well with the presumptive model. The slow fitted walking rates could probably be attributed to the low temperature (4 ○ C) during the whole irradiation and walking process.
We next tried to directly observe the light-driven walker moving on the DNA origami under the scanning by high-speed AFM. After preparing the DNA tile containing walking strand and four stators, the sample was loaded onto a piece of freshly cleaved mica. High-speed AFM imaging was carried out with photoirradiation in the UV range of λ = 330-380 nm. A clear onestep movement of the pyrene-modified walker from one stator to the next was observed ( Figure   4 ). The corresponding continuous kymograph is also shown in Figure 4b , showing the walker's changing position ( Figure S3 , Movie S1). Comparing position of walker at 40 s and 160 s, onestep distance was measured as ~ 7.5 nm, which was close to the designed distance between two adjacent stators. In the consecutive walking track in the kymograph, the short walker-stator 
